The link between the experimental laboratory studies and bioinformatic approaches aims to find procedures to connect tools from both branches producing workflows that bring together different techniques that are capable of exploiting data at many levels. Thanks to the open access sources and the numerous tools available, it is possible to create various pipelines capable of solving specific problems. Nevertheless the lack of connectivity between them that interconnect different approaches complicates the exploitation of these workflows. Here, we present a detailed description of a workflow composed of different bioinformatics tools that exploits data from large-scale gene expression experiments, contextualizing them at many biological levels. To illustrate the relevance of our workflow for the vitamin D community we applied it to data from myeloid cell models treated with the hormonally active form of vitamin. From raw files of functional genomic studies it is possible to utilize the whole information to obtain a biological insight. Different software and algorithms are included to analyse at pathway, metabolic, ontology and molecular biology level the effects on gene expression. The usage of different databases to analyse gene expression data allows to perform a complete interpretation of functional genomic studies and the implementation of analysis and visualization software tools gives a better understanding of the biological meaning of the results. This review is an example of how to select and bring together several software modules to create one pipeline that processes and analyses genomic data at many biological levels making it open, reproducible and user friendly. Finally, the application of our bioinformatic pipeline revealed that vitamin D modulates crucial metabolic pathways in different myeloid cells that may play an important role in their immune function.
Introduction
The wealth of data produced in the last decades as a result of functional genomic studies contributed to the understanding of how nutritional factors affect biological processes. Also in the field of vitamin D research many studies have explored the effect of the hormonally active vitamin D3 (1,25 dihydroxyvitamin D 3 (1,25 (OH) 2 D 3 )) at gene and/or protein level in various cell types [1] [2] [3] . However, an in depth analysis of the functional consequences of the large-scale molecular changes is often lacking. In the current paper we will showcase a straightforward and available bioinformatic workflow to perform an advanced, flexible and integrative analysis of high-throughput transcriptomic data.
Transcriptomic data
To store, share and re-use the generated high-throughput data, online available storage databases, i.e. gene expression omnibus (GEO [4] ) and ArrayExpress [5] , were developed. Initially, these databases captured transcriptomic data from microarray studies, but nowadays they contain a variety of molecular data including sequencing data. Also vitamin D related large-scale expression studies are available online and contain data from different cell types and tissues in various species. Together with the continuous growth of transcriptomic data, comes the difficulty of processing and interpreting it at functional level. Most of the expression studies are lacking dry lab applications that make it possible to exploit the entirety of the experimental data.
Simultaneously with data generation an increasing number of informatics tools have been created to allow data analysis, resulting in the bioscience field known as bioinformatics. The main aim of this development is to process, interpret and integrate data in a more efficient and reproducible way. One of the biggest obstacles to make this possible and to create a better link between experiment data generation and analysis is the lack of a documentation that explains to researchers from different science backgrounds how to use various tools for a main purpose to decipher data for biological interpretation.
Bioinformatics tools
The application of bioinformatics tools in bioscience research helps to interpret data and will generate research questions that mark the starting point of experimental validation studies. An additional advantage of the implementation of open bioinformatics tools is the possibility to analyze public genomic datasets from repositories enabling the screening of previous studies with a straightforward protocol. In the current paper the application of a straightforward bioinformatics workflow to (re-)analyze transcriptomic data will be explained in relation to vitamin D studies. In our previous paper [6) ] we implemented and used a bioinformatics pipeline resulting in new insights into the role of 1,25(OH) 2 D 3 in immunometabolism processes in the innate immune system. Here, the applied tools and methods will be demonstrated and extended to provide a complete overview of analysis steps needed for functional data analysis.
Data analysis workflow
The guide of our data analysis pipeline includes several bioinformatics tools grouped in a workflow that exploits transcriptomic data and positions them into a functional biological context. Once the datasets of interest have been selected, the first step consists of the application of open and free analysis modules in ArrayAnalysis [7] to check the quality, normalize, and process raw transcriptomic data obtaining the parameters that show the gene expression changes. Second, the processed dataset is used in PathVisio [8] , an open and freely available biological pathway editor and analysis tool, to perform a statistical analysis that highlights the biological processes that are significantly altered. Moreover, in the pathway diagrams, using the pathway repository of WikiPathways [9] , which includes all types of biological processes, the changes in gene expression are visualized in a comprehensive manner. In addition, newly created vitamin D-related pathways, using the program PathVisio, were added to the human pathway collection of WikiPathways. Third, to study metabolic processes affected based on gene expression data, the RAVEN toolbox is used to identify crucial regulation points of a metabolic model [10] . Fourth, to retrieve more information about an affected pathway, existing knowledge on factors that are related to the pathway genes are added to the pathway using the network analysis tool, Cytoscape [11] and Cytoscape apps, i.e., WikiPathways app [12] and CyTargetLinker app [13] . Finally, the overrepresented gene ontology classes in a selected subset of genes are visualized in a network using the Cytoscape app, ClueGO [14] .
Materials and methods

Retrieving gene expression data from public repositories
Open sources promote the generation of platforms where data is curated and shared by the scientific community to encourage access, usage and promote experimental reproducibility. In the recent years, an increasing number of publications related to gene expression studies are accompanied by a datasheet archived in a data repository that contains detailed information about the experiment and the raw and/or processed gene expression datasets. The two most known repositories are ArrayExpress (https://www.ebi.ac.uk/arrayexpress/, [15] ) and Gene Expression Omnibus (GEO, http://ncbi.nlm.nih.gov/geo/, [16] ). It is possible to explore these repositories to find genomic data by specifying keywords that are related to the biological question of interest such as organism, cell type, gene, molecule, type experiment, etc. Detailed information is available on each dataset from ArrayExpress and GEO containing value information of the experiment and, if it is available, the publication related to it. The experimental page gives an overview of the laboratory protocol design which includes a detailed explanation of each samples characteristics, making it possible to keep track of the data for each sample in further analyses.
Sharing large-scale expression studies
In every case, the result of microarray analysis is uploaded to make it publically available to the scientific community. This kind of format depends on the platform used in the experimental design and different approaches are needed depending on the format of this data. In the vast majority of the cases, the raw data is available which promotes the analysis of its quality and the possibility to detect anomalies in arrays and remove them in further steps. Alternatively, authors also submit normalized gene expression data provided with information detailed of which methodology was used to process it.
Selection vitamin D-related transcriptomic studies in immune cells
The comparison of different datasets requires selection criteria that will allow that any conclusion obtained of this analysis will have a logical interpretation. The criteria followed to select datasets of myeloid cells treated with vitamin D was based on the experiment design that was set to study the effects of vitamin D at gene expression level. First, the cell model has to be related to the myeloid family, more specifically, cells derived from monocytes. Secondly, in all cases cells were treated with 10-100 nM of the active form of vitamin D (1,25(OH) 2 D 3 ) and all datasets that used analogs or other forms of the hormone were excluded. Moreover, the duration of the treatment was restricted to a minimum of 24 h and a maximum of 5 days of treatment. Finally, only studies in human cells that used microarray technology were selected.
Processing raw gene expression data: ArrayAnalysis
In transcriptomic data analysis, it is assumed that most of the genes measured will not be changed in the different conditions. Difference in gene expression can be caused by the experimental conditions, but also the methodology followed can provoke unwanted variations that must be removed. The department of bioinformatics of the Maastricht University (Bioinformatics-BiGCaT) has developed a workflow that can process raw gene expression data applying a quality control (QC) module, statistical analysis and pathway analysis to gene expression data: http://arrayanalysis.org/ [7] .
ArrayAnalysis modules
The first module of array QC consists in uploading raw gene expression data with simple annotation that specifies the group of each array. This first approach analyses the un-processed data and will create a report that includes quality control plots that are grouped in categories including: sample quality, hybridization quality, signal comparability and biases and array correlation. All this together will be included in a QC report that will show the quality of the array intensities contributing to the detection of faulty arrays that can be removed from further steps in the analysis. Secondly, the pre-processing module of ArrayAnalysis performs a background correction and intensity normalization. Several normalization methods are available, including RMA, gcRMA, MAS5 and Plier. In this second module, the re-annotation of the data is also included, making it possible to assign probes with alternative gene identification databases (i.e Ensembl, ENTREZ, UniGene, etc). Finally, an evaluation of the whole process is performed showing the distribution of the intensities in different plots after the pre-processing of the dataset that are included in a report of the whole process of module one.
The resulting pre-processed data consist in corrected and normalized raw data that can be the object of statistical analyses that aim to compare gene expression data of different sample groups. The statistical approach will produce a table with each gene ID with several gene expression parameters that indicate if its expression is significantly altered or not based on certain conditions. The second module of ArrayAnalysis can perform this statistical approach. First, a group specification on each array is needed to make a comparison of gene expression changes between different conditions. Taking into account the experimental details from the main page of the dataset it is possible to know the nature of each sample allowing the correct grouping in this second module of ArrayAnalysis. Each array has a source name that has to be followed by "factor value" that corresponds to the group sample to which it belongs. Groups that are going to be compared are set, and then the statistical approach can be performed. The resulting output consists of statistical parameters of each gene ID measured and compared. This kind of format data can be used by different bioinformatic tools to extract biological interpretation out of it.
Analysis of selected vitamin D-related transcriptomics datasets
A total of 6 datasets were selected by Susan et al. 2018 to perform a analysis of gene expression datasets of myeloid cells treated with the active form of vitamin D but to make comparison of the three different cell types, three datasets were highlighted for THP-1 cells (GSE52819, [17] ), dendritic cells (GSE13762 [18] ,) and monocytes (GSE56490 [19] ,). The quality control of arrayanalysis.org, performed by an R script containing several functions from Bioconductor, revealed that there was no need to exclude any samples. Different methods were suggested by ArrayAnalysis to normalize the datasets: Robust Multiarray Average (RMA) for THP-1 and dendritic cells datasets and GeneChip-RMA for monocytes datasets. Then, a statistical analysis was performed using functions from the R package of limma [20] to obtain the statistical parameters that indicate the significance of the gene expression changes.
Creation of vitamin D related processes
PathVisio allows the user to create and edit diagrams that shows biological pathways made of nodes and lines that represent biomolecules and their interactions, respectively. The components of the pathways can be annotated with an identifier that is present in the various BridgeDb mapping databases. Currently, these databases are available for i) genes and gene products, ii) metabolites, iii) gene variants and iv) biochemical reactions and interactions. The correct annotation of each pathway element, the upload to the repository of WikiPathways and the curation process allows the users to combine the pathway content with "omics" data.
Researchers often use pathway diagrams in their articles to explain in a schematic way how biomolecules interact in organism of study. It is possible to use these schematics diagrams to create new pathways in PathVisio and tag them with key words that are related to the study of origin. Including this annotated diagrams related to vitamin D in this open encyclopedia of pathways makes possible its curation by the scientific community promoting and validating its usage. WikiPathways, to this date, has over 400 pathways related to vitamin D in all species. In this list, different types of pathways are included: cascade signaling, gene expression modulation, metabolic process. Thanks to the work of the WikiPathways community, it is possible to put gene expression context in these pathways making a tool that is reproducible, userfriendly and efficient to identify altered vitamin D processes using experimental transcriptomic data.
Fig. 1. Bioinformatics workflow for the analysis of transcriptomic data.
The first step consists of selecting the transcriptomic datasets and thereafter the data will be normalized and statistically analysed. In the second steps the processed data are analysed using the RAVEN toolbox and PathVisio thereby contextualizing gene expression data in biological context. The reporter metabolite analysis with RAVEN results in a list of important metabolites and the pathway analysis in PathVisio in a list of affected pathways. Finally the affected processes will be extended in Cytoscape to add various types of information that will be displayed as biological interactions in networks.
Pathway analysis: visualization and statistics
Context matters to understand gene expression variations. Largescale transcriptomic analysis can generate many gigabytes of data that are challenging to process in terms of both time and effort. Here we propose PathVisio and WikiPathways as tools to perform a pathway analysis on the gene expression datasets selected to highlight biological processes that are altered. PathVisio is an open software use for pathway visualization and analysis, and WikiPathways is an open platform that stores over 2300 biological pathways of 25 different species for data visualization and analysis [9] .
Visualization of omics data on pathways
In the PathVisio program it is possible to visualize biological diagrams from the WikiPathways repository and display gene expression data parameters, generated by the statistical analysis module of ArrayAnalysis, on the diagrams showing how the gene expression is affected. The elements in the pathway diagram that represent biomolecules, i.e. genes, gene products and metabolites,) contain general information about the biomolecule. The BridgeDb identifier mapping databases in PathVisio [21] can be used to link transcriptomic, proteomic and metabolomic data thereby recognizing the identifiers from data uploaded allowing inclusion of expression parameters to pathway element.
The visualization in PathVisio has two options, either one of the predefined color gradients or setting a rule linked to one color. These options enable the coloring of pathway elements based on the experimental data creating a general view of how the biomolecules are modulated in an experiment designed based on the obtained data. The current study used the most common application in which transcriptomic data is displayed on a selected pathway shows how genes are down-regulated or up-regulated based on the logarithm of the fold change value (log2FC) and the significance of that change based on the p value.
Over-representation analysis
PathVisio integrates a workflow that makes it possible to upload processed expression data to perform statistical analyses at the pathway level and to contextualize the expression changes at the functional level, highlighting those biological processes that are significantly affected. First of all, a pathway repository is needed to perform the pathway analysis. Currently two major pathway databases provide a collection of pathways compatible to PathVisio, i.e., WikiPathways and Reactome [22] . In our example, processed gene expression data of myeloid cells treated with the active form of vitamin D, 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) was investigated with pathway analysis to find which biological processes are mainly affected by 1,25(OH) 2 D 3 in the different myeloid cells types.
Once both gene and pathways databases and the gene expression dataset are loaded in PathVisio, all the needed elements are present to perform the overrepresentation analysis. First, a criterion has to be defined to select which genes are going to be considered as differentially expressed. In most cases, statistically analysed gene expression data generates for each gene a series of parameters that indicate how significantly its expression is altered under certain conditions. Based on these parameters PathVisio perform an overrepresentation analysis highlighting those biological processes that are significantly altered within a pathway repository. For each pathway a Z-score is calculated by a standard statistical test under the hypergeometric distribution, as previously described [8] . The resulting output gives a list of pathways that are ranked based on Z-score. Pathways with a Z-score above the cutoff value of 1.96 will be considered as affected biological processes since it indicates if the pathway shows a difference in the ratio of differentially expressed genes as compared to the complete gene list. 
Reporter metabolite analysis
The effect of external factors on cells in cultures can be studied by analysing the metabolic changes that occur within the cell. A major advantage of functional studies such as microarray assays and RNA-seq is that they reveal how certain factors can modulate gene expression and, as described above, these data can be put in a biological context and used to determine how these factors influence biological processes; including in most cases metabolic processes. Thanks to pathway analysis and visualization options of PathVisio, it is possible to see the key genes mainly affected from the ranked list of metabolic pathways. Studying the metabolic responses to cells to certain factors, has to be included in the strategy since identification of concentration changes of metabolites gives value information to study how the cell responds to specific conditions. It is possible to go further with the analysis of gene expression analysis and contextualize this kind of data at the metabolite level. Kiran Raosaheb Patil and Jens Nielsen have developed an algorithm capable of identifying so-called reporter metabolites within a genomescale metabolic model, where a map of reactions is represented by enzymes and metabolites [23] . The algorithm is implemented in a bioinformatics matlab tool called RAVEN (Reconstruction, Analysis and Visualization of Metabolic Networks) [https://github.com/ SysBioChalmers/RAVEN] which identifies key points in a genomescale metabolic model using gene expression data. First, the bioinformatics tool will take into account gene expression data to score the [17] ), dendritic cells (GSE13762, [18] ) and monocytes (GSE56490, [19] ). Visualization rules are set to show log2FC as a gradient from blue (=-1.5) to red (=1.5) over white (=0). Finally, genes that are significantly changed (adjusted p-value < 0.05) are coloured in green and insignificant changes are shown in white.
Table 2
Reporter metabolite analysis (RMA) results. The RAVEN toolbox was applied to THP-1 cells (GSE52819, [17] ), dendritic cells (GSE13762, [18] ) and monocytes (GSE56490, [19] [28] [29] [30] [31] [32] [33] [34] [35] enzymes based on how significantly changed their gene expression is under the experimental conditions. Then metabolites of these processes will be scored based on the scoring of the neighboring enzymes. This analysis will identify potential metabolites that can be considered as hot points of metabolic regulation under the conditions studied in the datasets selected.
Extension of biological pathway diagrams from WikiPathways in cytoscape
Pathways from WikiPathways harbor information on genes, proteins, metabolites and interaction types. to retrieve additional information regarding the genes and proteins, the pathway was extended with various types and levels of biological knowledge. The extension of the pathway was performed in the open source and freely available network analysis tool, Cytoscape [11] . First, the selected pathway from WikiPathways was uploaded into Cytoscape as a network using the WikiPathways app [12] . Second, linksets containing information about interactions between gene-pathway from WikiPathways, drug-targets from DrugBank [24] and experimentally validated microRNA-targets from miRTarBase [25] were downloaded (https://projects.bigcat. unimaas.nl/cytargetlinker/linksets/). Third, the network was extended with drug-target, microRNA-target and pathway-gene interactions with the CyTargetLinker app [26] . Fourth, by applying filtering options in Cytoscape the following parts were selected; i) Approved Drugs from DrugBank, ii) Experimentally validated microRNAs with functional microRNA-target interactions (MTIs) and iii) Curated human pathways in which the nuclear receptors RXRA and the nuclear vitamin D receptor (VDR) are present. As a result a newly created network contains the genes, proteins, metabolites, pathways and interactions from the selected process and the added interactions of the selected and filtered LinkSets.
Results and discussion
Workflow
The pipeline proposed brings together several open bioinformatics tools to process transcriptomic data to highlight biological processes (Fig. 1) . The first step consists of data retrieval from public databases such as GEO and ArrayExpress. Secondly, selected raw data is processed by a R based module implemented in ArrayAnalysis to normalize and produce the statistical parameters. Thereafter, the processed data is used by several bioinformatics tools. First, PathVisio processes the data to highlight which biological pathways are significantly altered. Second, in PathVisio the analysed data is visualized in the actual pathways. Third The RAVEN toolbox has as input also the statistically analysed data and helps to identify which metabolites are more likely to be subject to regulation. Finally, it is possible to extend pathways using Cytoscape to create networks that link pathway, gene, protein, metabolite, microRNA and drug information.
Pathway analysis using public datasets: vitamin D and gene expression modulation in myeloid cells
The process and analysis of publicly available transcriptomic datasets allowed Muñoz-García et al. [6] to decipher the biological processes altered by 1,25(OH) 2 D 3 in different types of human myeloid cells. To do that, a total of six datasets were included in this article containing raw microarray data from gene expression modulation by (Table 1) .
Pathway editing and data visualization: from references to dynamic pathways
The impact of vitamin D in many area of human health, including cancer research, metabolic diseases, bone disease and autoimmune diseases is now recognized.
In all areas, the understanding of the molecular action of the different forms of vitamin D has been always been a priority in most of these studies. All finding related to describe vitamin D molecular signaling are accompanied with a schematic diagrams that explains how biomolecules interact in certain pathways. The compilation of these diagrams and their adaptation to WikiPathways is making it possible to compare multiple transcriptomic studies related to vitamin D and put them in specific biological context.
One of the latest studies done in vitamin D and its implication in metabolic reprogramming in tolerogenic dendritic cells [19] , described that PI3K/Akt/mTor signaling pathway was crucial for the development of the tolerogenic phenotype in DC. The adaptation of this pathway in PathVisio and using similar transcriptomic datasets from myeloid cells treated with vitamin D showed that this process is also being up-regulated under vitamin D treatment in similar cell lines (Fig. 2) . Another study by Hii and Ferrante [27] Binding of VDR to the genomic location occurs as a heterodimer with the retinoic X receptor (RXR). The interplay between VDR and RXR is also captured in a newly created pathway at WikiPathways (https:// www.wikipathways.org/index.php/Pathway:WP4342). These three pathways are now added to the human WikiPathways collection and are part of the curated pathway collection available for download.
Integrating multiple datasets in PathVisio
One of the greatest challenges of functional analysis projects is to compare different experiments concerning the same issue. Sometimes, in one specific experiment all conditions are not considered, but it is possible to find in the repositories mentioned, other similar studies regarding the same scientific question.
A spreadsheet table containing the IDs with the gene expression parameters from the different dataset considered that represent different experiments can be uploaded in PathVisio to visualize this kind of comparison. Once PathVisio recognizes the IDs with the correspondent parameters for each condition, it is possible to set the visualization options to compare the gene expression data in the gene nodes of the pathway diagram. Again a set of rules are needed to assign colours to gene expression parameters from each dataset. The resulting diagram will show nodes divided in different sections according to the number of dataset considered. In the example shown in this diagram three datasets from different immune cell types are compared in one pathway showing the changes in gene expression and its significance (Fig. 2 ) With this strategy it is possible to show similarities and differences between related experiments, patterns in gene expression and identify genes of interest for further study.
Reporter metabolite analysis
The usage of The Raven Toolbox allows to analyse transcriptomic data from myeloid cells treated with vitamin D in a metabolic model such as the Human Metabolic Atlas to highlight those metabolites that are crucial in the metabolism regulation based on the gene expression datasets considered. The output of this tool is a list of metabolites that are scored with a Z score. A high score of a specific metabolite is an indication that the expression of enzymes implicated in its metabolism is being significantly altered by vitamin D (Table 2) .
Reporter metabolite analysis of myeloid treated with vitamin D datasets highlighted metabolites implicated in TCA cycle, ETC and OXPHOS pathways: NAD+, NADH, ubiquinol, ubiquinone, fumarate, succinate. Interestingly, metabolites implicated in vitamin D metabolism are also being reported as hotspots of metabolism regulation in these datasets.
Extension of the PI3K/Akt/mTOR-vitamin D3 signaling pathway with approved drugs, validated microRNAs and curated pathways
The WikiPathways PI3K/Akt/mTOR-vitamin D3 signaling pathway (https://www.wikipathways.org/index.php/Pathway:WP4141), created based on Mathieu's model proposed for the action mechanism of 1,25(OH) 2 D 3 in human monocyte-derived dendritic cells [19] , was extended with existing biological knowledge on gene-pathway, druggene and mature microRNA-gene interactions. The interactions between genes in the pathway with both approved drugs and experimentally validated microRNAs are shown in (Fig. 3) . Moreover, the human curated pathways containing one or both nuclear receptors VDR and RXRA are overlaid on the network. The complete extended network is available online at the NDEx-The Networks Data Exchange [28] (http://www.ndexbio.org/#/network/486d1563-b738-11e8-9520-0-ac135e8bacf?accesskey=bea5867700e1f3407c3043c83e7ff65fd5f-4adfc8fc43730f0b61ea9338621ec). The combination of various interaction data sources enables the integrated analysis of which drug targets are present, whether they are affected by microRNAs and in which processes they occur. The VDR which is activated upon binding of 1,25(OH)2D3 is central in the effect of vitamin D3. The networks show several compounds that have VDR as a target. One of these is ergocalciferol which belongs to the category of bone density conservation agents. Interestingly, VDR is also a target for three validated mature microRNAs, hsa-miR-27b-3p, hsa-miR-124-3p and hsa-miR-125b-5p. Finally, VDR is present in seven pathways of which four contain RXRA as well, like the vitamin D metabolism and nuclear receptor pathways.
Conclusion
Open bioinformatics tools are brought together in one pipeline that allows the user to analyse transcriptomic data in a friendly and accessible workflow. This review explains various ways of functional interpretation that can be extracted from gene expression datasets applying this bioinformatic workflow. Integration of these pathways at many different levels highlights altered pathways, identifies critical regulatory points in metabolism and links these bio-molecules to the genes overrepresented in "omic" datasets. Finally, the results are presented in explanatory diagrams and networks that interconnect biological components that contextualizes statistical data that shows modulation of gene expression.
